Islet encapsulation requires several properties including (1) biocompatibility, (2) immunoprotection, and (3) oxygen diffusion for islet survival and diabetes correction. New chemical alginates were tested in vivo and compared with traditional high-mannuronate and -guluronate alginates. New alginates with coupled peptide sequence (sterile lyophilized high mannuronate [SLM]-RGD3% and sterile lyophilized high guluronate [SLG]-RGD3%), to improve encapsulated cell adherence in the matrix, and alginates with a very low viscosity (VLDM7% and VLDG7%), to reduce implant size by loading a higher number of islets per volume of polymer, were implanted subcutaneously in 70 Wistar rats for comparison with alginates of high viscosity and high content of mannuronic (SLM3%) or guluronic acids (SLG3%). Permeability of alginates to 36-, 75-, and 150-kDa lectins coupled to fluorescein isothiocynate was quantified before implantation and at 2, 4, and 12 weeks after implantation. Biocompatibility (fibrosis, graft stability, immunologic infiltration by CD3=CD68 cells, and neovascularization) was assessed at each explantation time. Permeability to small molecules was found for all alginates. Impermeability to 150-kDa molecules, such as IgG, was observed only for SLM3% before implantation and was maintained up to 12 weeks after implantation. SLM3% and SLG3% demonstrated better graft stability with lower CD3=CD68 recruitment and fibrosis than the other alginates. SLM3% induced a significantly higher angiogenesis and maintained oxygen pressure at *40 mm Hg for up to 4 weeks after implantation as measured by in vivo electronic paramagnetic resonance oximetry. SLM-encapsulated pig islets implanted subcutaneously in rats demonstrated no inflammatory=immunologic reactions and islets functioned for up to 60 days without immunosuppression. A traditional alginate made of high mannuronic content (SLM3%) is an adapted material to immunoprotect islets in subcutaneous tissue. No improvement was found with lower viscosity and use of GRGDSP-peptide sequence.
Introduction

I
slet transplantation improves the quality of life and prognosis for selected patients with type 1 diabetes mellitus (T1DM). 1 However, despite increasing efficacy rates (44-66% insulin independence at 1 year), [2] [3] [4] islet transplantation remains limited by side effects related to continuous immunosuppression (tacrolimus, sirolimus, and daclizumab), such as nephrotoxicity, hypertension, carcinogenicity, and hypersensitivity to infections, among others. 1, 5, 6 An attractive alternative to immunosuppressive drugs is cell immunoisolation by encapsulation in a semipermeable matrix to protect transplanted tissues against immune cells from the recipient as well as against antibodies (autoimmunity of T1DM, ABO=human leukocyte antigen incompatibility, and preformed antibodies against a-Gal and other antigens in xenotransplantation).
Macroencapsulation and microencapsulation systems have been proposed for cell immunoisolation. [7] [8] [9] [10] [11] [12] [13] A lack of biocompatibility, with a nonspecific reaction of fibrosis resulting in hypoxia and necrosis of encapsulated cells, is often designated as the major cause of graft failure. 7, 8, [14] [15] [16] [17] [18] Nonselective permeability (cytokines and antibodies), implant degradation, and limitation of nutrient diffusion are also reported as major causes of encapsulated islet dysfunction. 19 Although several materials have been assessed (agarose, chitosan, copolymers of acetonitrile, AN69, poly(2-hydroxyethyl methacrylate), polyurethane, monomethoxy poly(ethylene glycol), and Biodritin), [20] [21] [22] [23] [24] [25] [26] alginate is currently the main material used in the field of islet transplantation to provide immunoisolation to encapsulated cells. [27] [28] [29] [30] [31] This material, extracted from brown alga, is a polysaccharide composed of subunits of mannuronic (M) and guluronic (G) acids. The M=G ratio directly affects physical and biocompatible properties of implants.
High-G alginates are more stable and therefore more resistant to mechanical stresses than high-M alginates after implantation. 7 In contrast, a smaller pore size, found in high-M alginates, 32 can promote selective permeability for small molecules, avoiding immunoglobulins and immune cells.
Alginates of high viscosity and high content of mannuronic (sterile lyophilized high-mannuronate [SLM]) or guluronic acids (sterile lyophilized high guluronate [SLG] ) are most commonly reported in the literature. In this study, new alginates with coupled peptide sequence (glycine-arginineglycine-aspartic acid-serine-proline [GRGDSP] [Novatach M RGD/Novatach G RGD]) were assessed to improve encapsulated cell adherence in the matrix. 33 Alginates with a very low viscosity (VLDM and VLDG) were also tested to reduce implant size by loading a higher number of islets per volume of polymer. The content in M and G acids as well as alginate viscosity and the use of peptide sequences 34 may influence biocompatibility. 8, 35 Therefore, there is a need to select an encapsulation material that possesses ideal biocompatible properties for islet encapsulation such as (1) stability during the graft process, (2) immunologic protection (impermeability to molecules >150 kDa such as IgG), (3) permeability to molecules of low molecular weight such as insulin, glucose, nutrients, and metabolites (<75 kDa), and (4) promotion of angiogenesis to allow (5) a sufficient oxygen pressure (pO 2 ) to ensure encapsulated tissue survival and function. To avoid nonspecific immune response against alginates, each material is characterized by a low level of endotoxin content (<100 EU=g).
In this study, we used the subcutaneous site for transplantation of alginate capsules. We previously demonstrated in the same Wistar rat model that the biocompatibility of encapsulated pig islets was improved by transplantation in the kidney subcapsular space and subcutaneous tissue in comparison with the intraperitoneal site. 36 This study investigated, in vivo, biocompatible properties of different chemical alginates and their potential use for islet encapsulation and subcutaneous transplantation. 27, 37 
Materials and Methods
Testing materials and transplantation
Alginates composed of either high mannuronic or high guluronic content were tested (Table 1) . Three subtypes in each group were used: (1) high viscosity (SLM vs. SLG), (2) very low viscosity (VLDM vs. VLDG), and (3) peptide (RGD)-coupled alginate (SLM-RGD vs. SLG-RGD) (NovaMatrix, Sandvika, Norway). Freeze-dried alginates were reconstituted as previously described 27 at a concentration of 3% (wt=vol) for all alginates except 7% (wt=vol) for VLDM and VLDG. Approximately 500 mL aliquots of alginates were placed into the wells of a 24-well multiplate and crosslinked by 7 min of incubation with 1Â3-(N-morpholino)propanesulfonic acid (MOPS; Sigma-Aldrich, St. Louis, MO) containing 100 mM CaCl 2 (Merck, Darmstadt, Germany). After rinsing in 1ÂMOPS for 5 min, alginate beads were stabilized by overnight incubation at 378C, 5% CO 2 in CMRL 1066 (Mediatech, Manassas, VA) serum-free medium with 1.8 mM CaCl 2 . 27 For the positive control (Ctrlþ), in an effort to induce fibrosis, inflammation, and graft destruction, SLM3% (wt=vol) was supplemented with 10% (vol=vol) human serum (Cambrex, Walkersvelle, MD) and, after crosslinking, immersed in 1% (wt=vol) poly-l-lysine hydrobromide (SigmaAldrich)=1ÂMOPS over 5 min.
Alginate implants of disc-like shape of about 1-1.5 cm 2 and a thickness of 3-6 mm were subcutaneously implanted in the paravertebral space of Wistar rats. The procedures were approved by the local ethics committee for animal care of the Université Catholique de Louvain (Brussels, Belgium).
Research design and experimental groups
In vivo biocompatibility testing. Biocompatibility studies were performed on Wistar rats weighing 100-200 g (obtained from the local animal facility of the Université Catholique de Louvain) to assess the stability, inflammatory reactions, and graft permeability.
Graft stability and inflammatory reactions: Seven experimental groups of seven rats (n ¼ 49) were created: one group per alginate type (SLM, SLG, SLM-RGD, SLG-RGD, VLDM, VLDG) and one positive control group. Each animal from the seven experimental groups received two implants, which were placed in small subcutaneous pockets located on each side of the dorsal column. In each group, three rats were killed after 2 weeks (21 rats=42 implants) and two additional rats were euthanized at 4 weeks (14 rats=28 implants) after implantation. After 12 weeks, the last four implants were explanted from the two remaining rats in each group (14 rats=28 implants).
Alginate implants were weighed before and after implantation to assess weight recovery and then the percentage of graft recovery. Surrounding tissues and implants (structured and destructured) were taken for investigations. Implant weight is an indication of graft course, which is as- 
SLM, sterile lyophilized high mannuronate; SLG, sterile lyophilized high guluronate; VLDM, very-low-density mannuronate; VLDG, verylow-density guluronate.
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sociated with fibrosis and inflammatory characterization (see below). After overnight fixation in formol at room temperature, explants were embedded in paraffin. Sections were thereafter routinely colored with silver methenamine and Masson's trichrome to assess, respectively, the degree of fibrosis and angiogenesis.
Lymphocyte (CD3) and macrophage (CD68) infiltrations were assessed by immunohistochemistry as previously described. 27 The numbers of macrophages, lymphocytes, and vessels were quantified histomorphologically (in 10 nonoverlapping areas per slide; original magnificationÂ25, with a 400Â 400 mm 2 grid). After a 48 h incubation at 48C on a mechanical rocker, beads were briefly rinsed in Hank's balanced salt solution (Invitrogen, Merelbeke, Belgium), embedded in Tissue Tek (Sakura, Zoeterwoude, The Netherlands), and frozen in a bath of 2-methylbutane placed into liquid nitrogen. Sections of 40 mm thickness were cut, embedded with Vectashield mounting medium (Vector Laboratories), and examined microscopically with an Axioskop 40 coupled with a FluoArc (Zeiss, Gottingen, Germany). Fluoroscopic videos of beads were thereafter captured by an Infinity X camera (Deltapix, Ottawa, Ontario, Canada; original magnificationÂ10). Image analysis was performed with Scion Image, Beta 4.02, acquisition and analysis software (Scion, Frederick, MD). The number of fluorescent lectins having penetrated in alginate beads were counted in four nonoverlapping areas per slide and reported to an area of 100,000 pixels. 2 Oxygenation study. One implant per rat was used to assess the pO 2 . Twenty-one additional rats were followed for 1 month: two animals were transplanted with a device made of SLG, VLDM, or VLDG alginate or positive control; three recipients were implanted with a device made of SLM-RGD or SLG-RGD alginate; and seven animals were transplanted with SLM alginate. At 1, 2, 3, and 4 weeks after implantation, pO 2 inside the graft was monitored (see below) for each animal. Rats were killed at 4 weeks after implantation.
Electronic paramagnetic resonance (EPR) oximetry was used to assess evolution in pO 2 inside grafts in vivo up to 4 weeks and to evaluate in vitro a possible gradient of pO 2 inside the SLM3% grafts. The measurement is based on the oxygen-dependent broadening of the EPR spectrum of a paramagnetic oxygen sensor. 39 In vivo pO 2 inside grafts: The pO 2 inside the alginate implants placed subcutaneously in rats (n ¼ 17) was studied up to 4 weeks after transplantation with an EPR spectrometer (Magnettech, Berlin, Germany) equipped with a low-frequency microwave bridge operating at 1.2 GHz and an extended loop resonator (1 cm depth sensitivity). 40 Paramagnetic carbon (Codex Ò Depurato; Carlo Erba Reactifs, Val de Reuil, France) was used as the oxygen-sensitive probe.
Five-hundred microliters of a suspension of carbon at 200 mg=mL in MOPS was mixed with 1 mL alginate 4.5% or 10.5% (for VLD). After Ca 2þ crosslinking and overnight stabilization as previously described, 27 implants were transplanted subcutaneously in Wistar rats weighing 100 g. Adding carbon exclusively to alginate implants ensures the graft specificity of the signal measured.
At 1, 2, 3, and 4 weeks after implantation, pO 2 inside the grafts was monitored. Rats were anesthetized and placed in the EPR spectrometer, with the region of graft implantation under the surface coil. EPR spectra were recorded with a modulation amplitude less than one third of the peak-topeak line width. pO 2 gradient in SLM grafts in vitro: For assessment of the pO 2 gradient in the thickness of the graft, SLM3% alginate with crystals of lithium phthalocyanine, 40 as an oxygensensitive probe, was placed inside Teflon tubes up to a height of about 3 cm and thereafter crosslinked in a bath of 1ÂMOPS þ 100 mM Ca 2þ . Tubes were kept in CMRL 1066 until measurements were taken. The pO 2 inside the alginate was evaluated in a two-dimensional spectral mode on an X-Band Bruker Elexsys E540 Imager under normoxic conditions at room temperature.
Efficacy of SLM alginate in the subcutaneous tissues of diabetic recipients. Streptozotocin-induced diabetic (STZ; 55 mg=kg) rats were given transplants of encapsulated pig islets in either subcutaneous tissue (n ¼ 8; SC) or intraperitoneal tissue (n ¼ 4; IP). As controls, empty alginate capsules (n ¼ 6; Sham) or free pig islets (n ¼ 4; Ctrlþ) were implanted subcutaneously.
Freshly isolated pig islets were encapsulated as previously described 41 in an SLM alginate matrix (Batch 110064; FMC BioPolymer, Drammen, Norway) containing a high concentration of mannuronic acid (high-M; 56%) 27 and a low endotoxin level (endotoxin < 25 EU=g). Diabetic rats received 8000 macroencapsulated islets equivalent, empty alginate capsules, or free pig islets (see earlier). Nonfasting blood glucose was assessed weekly and survival of islets was assessed by dithyzone and insulin staining.
Statistics
Values are presented as means AE standard error of the mean (except when otherwise specified). The one-sample Kolmogorov Smirnov test was used to assess the normal distribution of values. The statistical significance of differences between experimental groups was tested by one-way analysis of variance with a Bonferroni post hoc test. The statistical tests were performed with Systat version 8.0. Differences were considered significant at p < 0.05.
Results
In vivo biocompatibility testing
In vivo biocompatibility was characterized by evaluation of graft stability, neoangiogenesis in periphery of implants, recruitment of lymphocytes and macrophages, and assessment of graft permeability to small molecules and to the immune system of the receiver.
Graft stability and inflammatory reaction. Graft stability: Implants were weighed before and after each explantation time to calculate the percentage of weight recovered after implantation (Table 2 ). Control material was totally degraded at 4 weeks after implantation. The percentage of weight recovery > 100% indicated serious fibrosis surrounding Ctrlþ (after 2 weeks), SLM-RGD (Fig. 4B) , and VLDG and SLG-RGD (after 12 weeks; Table 2 ). Serious implant degradation was also observed for SLM-RGD at 12 weeks (À58% of graft weight), VLDM from 2 weeks after implantation (À70%), and VLDG (À52%; Table 2 ). Suitable implant stability, up to 12 weeks after implantation, was observed only for SLM (À27%; Fig. 4A ) and SLG (À16%). The weight of the SLG implant, however, decreased significantly from 2 to 4 weeks, whereas the weight recovery of the SLM implant was stable during the complete graft course without a serious fibrosis process. Although the weight of implant (after explantation) is a semiquantitative parameter, it was significantly related to inflammatory (CD3, CD68) and fibrosis responses (Table 3) .
Angiogenesis: This process is required to allow oxygenation of transplanted tissues. Therefore, angiogenesis was quantified by histomorphologic analysis of tissues surrounding alginate implants (number of vessels=0.16 mm 2 ) at each explantation time (Fig. 1) . Angiogenesis surrounding the alginate material was significantly higher in SLM (Fig. 4C ) than in other alginates at 2 weeks (Fig. 4D , SLM-RGD) and 4 weeks after implantation. Although SLG and Ctrlþ demonstrated a transient angiogenesis at 2 weeks, it was not maintained at 4 and 12 weeks after implantation (Fig. 1 ).
Inflammatory reaction: Low lymphocyte infiltration (<35 lymphocytes=0.16 mm 2 ) was observed for all experimental alginates at each explantation time (data not shown). However, a higher degree of lymphocyte infiltration was found at 2 weeks after implantation for SLM-RGD (Fig. 4F) , respectively). Macrophage recruitment during the graft process is presented in Figure 2 . Two weeks after implantation, SLM-RGD (Fig. 4H) , VDLM, VDLG, and Ctrlþ were characterized by significantly higher macrophage infiltration than that in SLM (Fig. 4G) , SLG, and SLG-RGD. After 4 weeks, CD68 þ cell infiltration persisted at a higher level for VLDM and VLDG than other alginates. At 12 weeks after implantation, VLDG and even SLG-RGD demonstrated a significantly higher infiltration of macrophages than that in SLM.
Throughout the whole graft process, SLM showed a constantly low level of macrophage infiltration similar to that in SLG and even SLM-RGD at 4 and 12 weeks. Permeability after implant in vivo explantation-All alginate devices implanted in rats were explanted after 2, 4, and 12 weeks for permeability testing. As the permeability assay for lectins requires well-structured alginates, permeability characterization was not performed on SLM-RGD, VLDM, and Ctrlþ materials at 4 and 12 weeks because they lost their structure after 2 weeks.
After explantation, each tested alginate maintained its permeability to molecules of low molecular weight (36 kDa) at each explantation time (Fig. 3A) . Permeability to lectins of 36 kDa was significantly higher for SLG-RDG than for other alginates (except SLM) at each explantation time (Fig. 3A) . Only SLM and SLG maintained their permeability to molecules of 75 kDa during the entire graft process (Fig. 3B) . SLM preserved the level of selective permeability to 150 kDa up to 12 weeks after implantation (Fig. 3C) , whereas a significantly higher degree of permeability to such molecular weight molecules was evidenced for SLG and SLG-RGD (Fig. 3C) .
Oxygenation study. In vivo pO 2 inside grafts: Because the major cause of encapsulated cell death is probably hypoxia, pO 2 was assessed in vivo inside alginate implants at 1, 2, 3, and 4 weeks after implantation in 21 rats. Only SLM, SLG (Fig. 5A-C) , and SLG-RGD alginates showed a pO 2 > 10 mm Hg during the 4 weeks of follow-up. SLG alginate showed an increasing pO 2 from 10 mm Hg after 1 week up to 25 mm Hg after 4 weeks. pO 2 with SLG-RGD varied during the 4 weeks, but the mean pO 2 was about 20 mm Hg. In this context, SLM clearly demonstrated a constant and much higher oxygenation
FIG. 2.
Macrophage infiltration postimplantation. Before implant degradation, Ctrlþ was characterized by a higher infiltration of macrophages than SLM, SLG, and SLG-RGD at 2 weeks after implantation (*p < 0.05). Implants made of SLM-RGD demonstrated a higher degree of CD68 cell infiltration at 2 weeks in comparison to other groups (**p < 0.005). VLDM and VLDG were characterized by a higher recruitment of CD68 þ cells at 2, 4, and 12 weeks after implantation ( # p < 0.05; ## p < 0.005 vs. other alginates). At 12 weeks after implantation, SLG-RGD was more infiltrated by macrophages than SLM ( p < 0.05). Three and two independent experiments were performed at 2 and 4=12 weeks after implantation, respectively (10 replicates per experiment). VLDM, very-low-density mannuronate; VLDG, verylow-density guluronate.
FIG. 1.
Angiogenesis around alginate beads. A higher degree of angiogenesis was observed for SLM at 2 and 4 weeks after implantation (**p < 0.005 vs. other alginates). Although SLG and Ctrlþ demonstrated a transient angiogenesis at 2 weeks (**p < 0.005), it was not confirmed at 1 month after implantation because of implant degradation (ID). Three and two independent experiments were performed at 2 and 4=12 weeks after implantation, respectively (10 replicates per experiment). SLM, sterile lyophilized high mannuronate; SLG, sterile lyophilized high guluronate.
(*40 mm Hg) during the entire 4-week follow-up. Destructured alginates (such as VLDG) induced a significantly lower pO 2 , below 10 mm Hg (Fig. 5A, D) . pO 2 gradient in SLM grafts in vitro: To ensure the oxygenation was optimal everywhere in the implant, pO 2 in the thickness of the SLM implant was also measured in vitro. Results showed no pO 2 gradient (reflecting gas diffusion) in the total depth of the implant. A pO 2 of *160 mm Hg was found at three different depths (2.4 vs. 2.6 vs. 3.4 cm; Fig. 5E ).
The efficacy of SLM alginate in the subcutaneous tissues of diabetic recipients. Diabetic rats given transplants of free pig islets or empty capsules revealed rapid graft destruction and alginate biocompatibility, respectively, without diabetes correction. After transplantation of encapsulated pig islets into the peritoneum, a transient blood glucose control was obtained up to 10 days but rapid decline of function followed. The diabetes was totally controlled, during 2 months after transplantation, with encapsulated islets in subcutaneous tissue (Fig. 6A, B) . After graft explantation, viable insulin-staining islets without graft fibrosis were found (Fig. 6C) .
Discussion
Islet immunoisolation for T1DM treatment requires an ideal encapsulation material with specific properties: (1) permeability to small molecules to ensure sufficient diffusion of nutrients, glucose, insulin, metabolites, and oxygen; (2) immunologic protection against immune cells and natural=elicited antibodies; (3) stability of implant after transplantation; (4) no   FIG. 3 . Alginate permeability at 12 weeks after implantation. All alginates showed permeability to lectins of small molecular weight (36-75 kDa) at 2, 4, and 12 weeks after implantation (A, **p < 0.005 for SLG-RGD vs. other alginates, except for SLM; B, **p < 0.005 for SLM and SLG vs. other alginates). SLM maintained a constant capacity of low diffusion of 150 kDa lectins up to 12 weeks after implantation (C, **p < 0.005) in comparison to other experimental alginates (SLG, SLG-RGD). Three and two independent experiments were performed at 2 and 4=12 weeks after implantation, respectively (24 replicates per experiment). Permeability was not assessed for implant degraded (ID).
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induction of inflammation; (5) promotion of neoangiogenesis; and (6) sufficient pO 2 delivery to encapsulated tissues. Material for encapsulation must possess selective permeability for nutrients while preventing the passage of immune cells and antibodies associated with islet allotransplantation and xenotransplantation for T1DM. The cutoff for the immunoglobulin molecular weight is 150 kDa for IgG, 500 kDa for activated complements, and 800 kDa for IgM. Reported studies used a multilayer encapsulation system to obtain a selective permeability. 13, 31, 42 Polylysine, a polyamino acid polycationic, is currently added to alginate to confer semipermeable properties to alginate beads. 43, 44 But this latest technique remains associated with a nonspecific inflammation reaction after implantation. [45] [46] [47] Double alginate membranes have also been tested for islet immunoprotection, but these assessments were performed in experimental in vivo models without the presence of antibodies against encapsulated pig islets. 42 In our study, among several compositions of tested alginates, a high-M alginate with a high viscosity obtained a selective permeability for molecules under 150 kDa without an overlayer membrane. We demonstrated, for the first time, that SLM alginate can promote selective properties without an additional overlayer. Although alginate properties are well established in vitro, selective permeability could be modified by the transplantation in correlation with inflammation and graft stability.
In our study, the subcutaneous site was used as a simple clinical procedure for transplantation of encapsulated islets. We previously demonstrated in the same Wistar rat model that the biocompatibility of encapsulated pig islets was improved by transplantation in the kidney subcapsular space and subcutaneous tissue in comparison with the intraperitoneal site. 36 Our current results confirmed that an alginate of SLM composition does not recruit lymphocytes and macrophages and avoids fibrosis. This absence of inflammatory response is correlated with implant stability in the subcutaneous tissue, thus maintaining the selective permeability of SLM alginate up to 3 months after transplantation. These results are relevant for a potential clinical application as previously demonstrated by translational studies rat to primate. 27, 36 Although several studies reported that high-G alginates induce a stronger inflammatory response than high-M alginates, 48, 49 in our study no significant difference between the two types of alginates was found in terms of graft stability and inflammatory response, which can be explained by a similar endotoxin content between alginate batches. Variation of alginate biocompatibility was essentially observed for VLD and coupled peptide alginates investigated to reduce graft size and to improve islet survival, respectively. A serious inflam- Note that an homogeneous diffusion of O 2 was found in the total depth of SLM (E). SLM, n ¼ 7; SLG, n ¼ 2; SLM-RGD, n ¼ 3; SLG-RGD, n ¼ 3; VLDM, n ¼ 2; VLDG, n ¼ 2; Ctrlþ, n ¼ 2.
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matory response, fibrosis, and consequently, implant degradation were found in both types of alginates without specification for high-M and high-G acid content. The VLD alginates did not resist mechanical friction and irritation in the subcutaneous tissue compared with the high-viscosity alginates. A rapid degradation was found with a strong inflammatory response.
Alginates coupled with peptide sequences to improve cell spreading and growth after encapsulation were unfortunately associated with a high degree of degradation and fibrosis in contrast to SLM=SLG without peptide. Additional GRGDSP sequences induced a severe inflammatory response. The major difference between uncoupled and coupled GRGDSP alginates was found in SLM because the major properties of biocompatibility were affected by GRGDSP sequences. Selective permeability was also affected by the addition of an GRGDSP sequence, with permeability to molecules >150 kDa found for SLM-RGD alginate. If SLM appears to be the ideal material for islet immunoprotection and subcutaneous transplantation, this latest technique must be adapted for angiogenesis to provide sufficient oxygenation for islet encapsulation.
In contrast to native pancreatic islets, which require high vascularization, encapsulated cells are not directly vascularized after transplantation. Then, for promotion of encapsulated islet survival and function, it remains crucial to develop a vascularization process around the alginate implants. In case of proinflammatory reaction, as observed for SLG, Ctrlþ, and VLD alginates, a transient angiogenesis occurs at 2 weeks after transplantation but is followed by a strong fibrotic process. For SLM alginate, progressive vascularization occurred, with a peak at 4 weeks after transplantation. However, a crucial question remains about the relationship between angiogenesis and the oxygen tension required for encapsulated islet survival and function.
The pO 2 measured in native islets and in islets of the whole pancreas graft is 40 mm Hg. 50 Dionne and colleagues showed that for isolated islets in a perfusion chamber, the first phase of insulin secretion was insensible to hypoxia but, during the second phase, the secretion diminished when pO 2 fell below 60 mm Hg. 51, 52 In islets implanted into the liver, the classic site for islet transplantation, the pO 2 was around 5 mm Hg at 9-12 weeks after implantation. 53 In this study, we report the first published investigation of pO 2 inside subcutaneous implants. An ideal pO 2 of about 40 mm Hg was found for SLM up to 4 weeks after implantation. This high pO 2 found in the implant is related to the graft stability, the absence of inflammation=fibrosis, and the high level of structured angiogenesis in close contact with the SLM alginate. In contrast, destructured alginates (SLM-RGD, VLDM, VLDG, Ctrlþ) demonstrated significantly lower pO 2 (<10 mm Hg). A similar pO 2 was found in native islets and SLM implants up to 4 weeks after implantation. Further, the diffusion of oxygen was assessed in vitro through a maximum of 3.4 cm of SLM alginate. Only a very low gradient of oxygen tension was found but this latest is not significant with respect to the thickness of alginate used in vivo (3-6 mm). The thickness of the graft in view to concentrate islets is therefore not an important factor to consider for the O 2 diffusion inside the implant.
FIG. 6.
Proof of concept of encapsulated islets in the subcutaneous tissue. Nonfasting blood glucose (NFBG) of streptozocininduced diabetic rats (A) transplanted with free pig islets (Ctrlþ), empty SLM capsules (Sham), and encapsulated pig islets (B, islets stained in red by dithyzone) implanted intraperitoneally (IP) or subcutaneously (Scut). Note that diabetes was totally controlled for up to 60 days for rats transplanted with encapsulated islets in the subcutaneous space without any fibrosis and with islet survival (C, insulin-staining islet). Gray rectangle in (A) indicates range of normal NFBG for rats; arrow indicates transplantation.
Conclusion
As the function of SLM-encapsulated islets is limited to 6 months, 27 we have extensively tested new alginates with respect to SLM to improve islets survival after subcutaneous implantation. Among these six tested materials, high mannuronic with high viscosity alginate is still superior with all required criteria for an ideal bioartificial pancreas (Table 3) . This SLM alginate (1) is permeable to molecules of low molecular weight and ensures impermeability to the immune system, (2) is stable during the graft process, (3) does not induce serious fibrosis (low inflammation), and (4) promotes angiogenesis for survival of the islets.
